INTRODUCTION
Studies have been carried out to analyze the phenomenon of instability of a three dimensional boundary layer flow of an incompressible fluid on an infinite rotating disk. It is the need to comprehend the instability of the boundary layer on a swept wing that has inspired most of these investigations. The design of laminar flow control has promise of significant improvement in airplane fuel efficiency. Malik (1986) in a parallel flow approximation computed the value of φ = 11°corresponding to the critical Reynolds number. Hall (1986) discussed the high Reynolds number asymptotic structure of the viscous mode of Malik (1986) and pointed out that this lower branch mode was controlled by a triple-deck structure fixed by a balance between viscous and Coriolis forces. Following the procedure developed by Hall (1986) , and taking into account nonlinear effects, Mackerrell (1987) extended Hall's asymptotic structure to derive an amplitude equation governing the growth of disturbances near the neutral location. It was shown that with nonlinearity, the instability was subcritical. Hall (1986) has given asymptotic analysis of the upper branch stationary modes, i.e. zero-frequency waves. Turkyilmazoglu and Gajjar (1998) (hereafter referred to as TG) extended Hall's work to consider non-zero frequency waves for the upper branch instability modes. An eigenrelation involving the correction terms for the wavenumber and waveangle was derived. The wavenumbers for different frequencies so computed agree well with the numerical results. In this paper, we have extended investigations by Hall (1986) and TG for zero frequency and for non-zero frequency, respectively, by imposing on the flow a magnetic field normal to the rotating disk. Jasmine and Gajjar (2005) have given numerical solution of the absolute and convective instability in the incompressible boundary layer on a rotating disk in the presence of a uniform magnetic field. We have derived asymptotic solutions assuming large magnetic fields. This paper is organized as follows. The equations governing the flow of an infinite disk rotating in an incompressible fluid with an imposed external magnetic field normal to the disk are formulated in section 2. An asymptotic structure of the upper branch mode when the magnetic field is large is developed in Section 3. A triple-deck structure which governs the lower branch modes for large scale magnetic fields is given in Section 4. The conclusions are set in Section 5.
Mathematical formulation
Consider the three dimensional boundary layer flow of an incompressible, electrically conducting viscous fluid on an infinite disk which rotates about its axis with a constant angular velocity Ω. A uniform magnetic field B = B 0 k is applied to the system, where k is a unit vector parallel to the z-axis. If the magnetic Reynolds number is small (R m << 1), then within the viscous boundary layer, the electric and magnetic fields, E and B, will not be significantly different from their values at the disk surface. This is linked to the idea that the viscous boundary layer is usually much thinner than the magnetic boundary layer. Then, the current density J = (σB 0 v, σB 0 u, 0). In order to nondimensionalize the Navier-Stokes equations, we introduce non-dimensional quantities r * ,
, and P * : r =Lr * , z =Lz 
where the velocity field with radial, tangential and vertical components are as u, v, and w, respectively. P is the pressure. The quantities ρ, ν, μ, and σ which represent mass density, kinematic viscosity, magnetic permeability, and electrical conductivity of the fluid, respectively, are all assumed to be constant throughout the flow field. Here, we have a global Reynolds number Throughout this analysis, the fluid is assumed to lie in the semi-infinite space z ≥ 0.
The self-similar equations take the form
2F + H′ = 0,
where m = σ B 2 0 / ρΩ is the magnetic interaction parameter assumed to be a constant.
Here, primes denote derivatives with respect to Z. The appropriate boundary conditions are
The value of h ∝ is a constant vertical velocity of the rotating fluid in the far-field above the disk. For large m, the equations (5 -8) can be solved analytically. We expand the basic velocity components as , ,
where z = m 1/2 Z. Substituing the above expansions into the equations (5 -8) and equating terms of order one, we obtain
The solution of this system is
Substituting for F 0 , G 0, and H 0 into equation (10) 
We must solve equations (1 -4) subject to the no-slip condition at the wall, whereas sufficiently far away from the wall we insist that the disturbances decays to zero. We are going to consider the lower-branch disturbances, which have a triple-deck structure for R >> 1.
The Inviscid Zone
Following Hall (1986) , we consider zero frequency inviscid modes. We assume that the disturbances for the upper branch take the form
where ε = R -1/6 . The scaling chosen for the frequency is consistent with the asymptotic analysis of Bassom and Gajjar (1988) . We shall also consider only neutral disturbances at the position r. On the upper branch, we expand the wavenumbers and frequency as (α, β, c) = (α 0, β 0, c 0 ) + ε (α 1 , β 1 , c 1 ) +…, assuming the existence of an inviscid zone depth O(ε -3 ) as elucidated by Hall (1986) . To satisfy the no-slip condition on the velocity at the disk wall, a viscous layer must exist.
In this region we expand u, v, w, and p in the form 
If u 0 , v 0 and the pressure p 0 from the above equations are eliminated, we find that w 0 satisfies U B ( 0
Here, Here, γ is O(1) constant, as follows from the solution of (19). The predictions (20) are tested against the full numerical solution given by Jasmine and Gajjar [5] for large m at a fixed Reynolds number. Fig. 1b shows that the results are consistent with those in equation (20).
The wall modes Hall (1986) has shown that lower branch disturbances having a triple-deck structure of the type discussed by Smith (1979) for Blasius flow can also exist. In this section, we will extend his formulation in the presence of a large magnetic field strength M. Firstly, we define the appropriate triple-deck structure based on the small parameter ε = R 1/16 where the thicknesses of the lower, main, and upper deck are ε 9 , ε 8 , and ε 4 , repectively.
The disturbances structure in the main and upper decks is essentially the same for the lower branch as determined by Smith (1979) . On the lower branch, we assume that the disturbance structure takes the form
On the lower branch, we also expand the wavenumbers (α, β) = (α 0, β 0, ) + ε 2 (α 1 , β 1 ) + … Here, we have anticipated that the order ε terms are zero, and we again seek α i , β i (i= 0, 1, 2, …), such that the flow is neutrally stable at the location r. We define ξ, ζ and Z by ξ = zε -9 , ζ = zε
The upper deck
In the upper deck F = 0, G = -1 and Z = zε -4 . The perturbation quantities then take
... . Substitution in the Navier-Stokes equations (1 -4), the zero-order equations imply
When z → ∝ , the solution of this system that decays to zero is 
The main deck
In the main deck, we define ζ = zε -4 . The disturbance then expands as U = (1/ε)u 0 (ζ)
…, where we have anticipated that P is independent of ζ to the order ε Primes denote derivative with respect to ζ. Solution of this system that matches with the upper deck solution is
where F and G are mean velocity profiles. We note from (23) 
The lower deck
In the lower deck, we expand F, G for small ζ and write ξ = ζ/ε, we have
where
/j! ; for j = 1, 2,…To match with the solution (23), written in terms of ξ, and using (25), we expand therefore the lower-deck disturbances in the form 
The radial momentum equation then yields 
If we multiply these equations by iα 0 and iβ 0 /r, respectively and add them, we obtain 
The z-momentum and continuity equations furnish 
We write the solution of equation (34) 
where K is a constant and Q 1 and Q 2 satisfy Q'' 1 - 
